A model-free analysis based on 15 proteins, no significant difference in the dynamic properties is found between the two redox forms. A solution structure was also determined for the reduced plastocyanin and compared to the solution structure of the oxidized form in order to assess possible structural changes related to the copper ion redox state.
INTRODUCTION
Plastocyanins are copper-containing electron transfer proteins, that shuttle electrons between the reduced cytochrome f of the membrane-bound b 6 f complex and the photo-oxidized chlorophyll special pair P700 + of photosystem I during oxygenic photosynthesis in green algae, higher plants, and cyanobacteria (1) (2) (3) (4) . In plastocyanins, the Cu(II)/Cu(I) ion resides in the so-called Type-I Cu-center, characterized by the presence of one cysteine and two histidine residues strongly bound to copper in a trigonal plane (5) (6) (7) . A weakly bound methionine sulfur atom completes the distorted coordination geometry of the metal ion (8) .
The electron transfer mediated by plastocyanin exhibits distinctive features in different organisms (2) . Plastocyanin is the only soluble electron carrier between cytochome b 6 f and photosystem I in higher plants (4) . Depending on the organism and the copper levels in the growth medium, cytochrome c 6 can replace plastocyanin in some cyanobacteria and most eukaryotic algae (9, 10) .
Molecular recognition between plastocyanins and their redox partners has been thoroughly studied in plants, even if some aspects are still obscure. Two conserved surface regions have been identified on plastocyanin: the so-called 'eastern' and 'northern' protein patches (2, 11) . The 'eastern' patch is a negatively charged region, conserved in plant plastocyanins, whereas a hydrophobic surface around the redox metal center constitutes the so-called 'northern' pole (2, 11) .
The charged region participates in electrostatic interactions with the electron transfer partners, whereas the hydrophobic patch is involved in electron transfer through the copper-bound His86. In plastocyanins from cyanobacteria, the negatively charged patch is significantly smaller than in proteins from higher by guest on http://www.jbc.org/ Downloaded from
5'-CGACACAC AGATCT AGCTGGCTGAT-3'
These primers introduced a methionine start codon (bold type) as well as an NcoI site (underlined) at the 5'-end of the coding sequence of mature plastocyanin and a BglII site (underlined) downstream from the stop codon of the gene. A PCR product with the expected size and containing the expected HindIII site was amplified. The product was digested with NcoI and BglII and cloned into plasmid pET3d which had been digested with NcoI and BamHI to produce plasmid pET3d::6803 petE. It should be noted that this construction is expected to cause the production of a protein whose N-terminal sequence after processing of the N-terminal methionine residue is ANATVKMGSD... . This N-terminal sequence corresponds to that of the wild-type protein (32) . Nucleotide sequence analysis of plasmid pET3d::6803 petE revealed that the expressed protein would contain a single amino acid difference from the published wild-type sequence.
The GAG codon encoding the carboxyl-terminal glutamic acid was found to be GAC encoding aspartic acid. It is not known whether this change resulted from a mutation introduced by the Taq polymerase used in the PCR amplification or whether this change had occurred in the laboratory Synechocystis sp. PCC6803 strain used to produce the genomic DNA. The resultant expression plasmid was transformed into Escherichia coli strain BL21(DE3)pLysS for overproduction of the PetE protein as subsequently described.
Protein expression and purification
The expression of Synechocystis sp. 6803 plastocyanin in E. coli was based on the T7 expression system described by Studier et al. (33) . Solid (NH 4 ) 2 SO 4 was added to the extract to a final concentration of 2 M, and the insoluble material was removed by centrifugation at 10,000 × g for 30 min.
The clear supernatant was loaded on a Phenyl Sepharose hydrophobic interaction column (2.6 x 20 cm), and a gradient of (NH 4 ) 2 SO 4 (from 2 M to 0 M) in 20 mM acrylamide separating gel and a Bio-Rad Miniprotean apparatus (Richmond, CA).
The absorbance ratio (A 278 /A 600 ) of the oxidized plastocyanin in the final preparation was 2.0, as reported earlier for native Synechocystis sp. PCC6803
plastocyanin (32) . The protein concentration of crude preparations was determined using the extinction coefficient of 4.5 × 10 -3 M -1 cm -1 at 600 nm (32, 34) .
The total protein concentration in the final fraction was determined by the method of Bradford (35) using bovine serum albumin as a standard.
8 during the NMR experiments. The oxidation was achieved using a slight excess of ferricyanide, subsequently removed by gel filtration. A catalytic amount of laccase was then added to theoxidized protein sample, which was kept under oxygen throughout the NMR experiments.
Bruker Avance spectrometers operating at 800, 700, 600 and 500 MHz proton
Larmor frequencies were used to collect NMR spectra. Data acquisition and processing were performed using a standard Bruker software package (XWINNMR).
NMR assignment and structure determination
The acquisition of homonuclear and heteronuclear NMR spectra, as well as data processing, were performed using the same strategy as described previously (29) . The time settings in the pulse sequences were largely coincident with those used to detect diamagnetic connectivities in the case of the oxidized form of the protein (29) . The program XEASY (36) was employed for spectral analysis and for cross-peaks integration. The sequence-specific resonance assignment was carried out using standard procedures (37, 38) .
The volumes of NOESY cross peaks, together with the values of 3 J Hα-NH coupling constants from 3D HNHA experiments (39) , and in combination with some H-bonds constraints, were utilized for structure calculation of the reduced protein, using the DYANA package (40) . Additional φ and ψ dihedral angles constraints were obtained from the relative intensities of the intra-and interresidue Hα-NH NOESY cross-peaks as measured in NOESY-HMQC and NOESY spectra (41) . The constraints for the copper atom were treated as already described (29) .
The structure calculation followed closely the procedure described for the oxidized protein (29) . The 35 structures with the lowest target function obtained from DYANA calculations (42) were selected as a single family for further analysis. The mean structure from the DYANA family was calculated using MOLMOL (43) and subjected to restrained energy minimization (REM) using the SANDER module of the AMBER 5.0 program package (44) . The quality of the structures was determined using PROCHECK (45) . were measured using a described pulse sequence (48) . Two spectra were collected, one with proton saturation and one without. Saturation of the proton spectrum was achieved by applying non-selective pulses during the recycle delay. The heteronuclear NOE values were obtained as the ratio of the intensity measured with and without saturation of the amide protons. The uncertainties in the NOE values, expressed as 3σ, were estimated by collecting two independent data sets.
Relaxation rates R 1 and R 2 were determined by fitting the cross-peak intensities (I), measured as a function of the variable delay (t) within the pulse sequence, to a single exponential decay by using the Levenberg-Marquardt algorithm (51, 52) according to the following equation:
A, B and R were adjustable fitting parameters. For R 2 , A was set equal to zero in the fitting procedure. Uncertainties in the R 1 and R 2 values were determined by using a
Monte Carlo approach (53) (54) (55) .
Hydrodynamic calculations were performed using the program Quadric Diffusion 1.11 (56) applied to the energy-minimized mean solution structures of Cu(I) and Cu(II) plastocyanin. The diffusion parameters for isotropic, axially symmetric, and fully anisotropic models were fit to the experimental data via minimization techniques (56) . The F-statistic term (57) (61) and subtracted from the measured relaxation rates as previously described (62, 63) . The longitudinal electronic relaxation rate at 14.1 T used in these calculations was of 4 × 10 9 s -1 , as interpolated from estimates at 11.7
T and 17.6 T (64) as well as at 18.8 T (65) reported for blue-copper proteins.
NMR experiments aimed at determining protein mobility in the 10 -4 -10 -3 s time scale
The protein mobility in this time range was studied in the reduced form of the protein, at 295 K and pH 6.50. The 15 N nuclear spin relaxation experiments were recorded at 800.13 ( 1 H) and 81.08 MHz ( 15 N) on a Bruker Avance 800 NMR spectrometer. 15 N R 2 relaxation rates were measured as a function of the spinecho delay in a series of T 2 CPMG experiments (49,50) using different refocusing delays (τ CPMG = 450, 550, 700, 850, 1000, 1150 µs). The relaxation delay during the sequence varied from 7 to 300 ms, the exact value depending on τ CPMG . The water signal was suppressed using the WATERGATE sequence (47) .
NMR experiments aimed at determining protein mobility in the 10 -1 -1 s time scale
The protein mobility in this time range was indirectly studied both in reduced and oxidized forms of the protein, at 295 K and pH 6.50, through proton exchange measurements. The spectra were recorded at 800.13 ( 1 H) and 81.08 MHz ( 15 N) on a Bruker Avance 800 NMR spectrometer. Saturation transfer processes between protein amide protons and bulk water were followed by comparing the intensities of 1 H-15 N cross peaks in 2D HSQC spectra obtained by suppressing the water signal either i) using the WATERGATE (47) pulse sequence supplemented with a flip-back pulse (48) or ii) using a pre-saturation pulse (900 ms) during both relaxation delay and refocusing time.
NMR experiments aimed at determining protein mobility in the 10 2 -10 5 s time scale
The protein mobility in this time range was studied both in both reduced and oxidized plastocyanin at 295 K and pH 6. Water suppression was performed using the WATERGATE (47) pulse sequence.
The intensity of the cross peaks were fitted using a single mono-exponential decay function, yielding the rate constant for the exchange process between protein amide protons and bulk water.
RESULTS

Signal assignment
The 1 H and 15 N NMR signals of all residues were completely or partially assigned through comparative analysis of homonuclear and heteronuclear 2D
and 3D NMR spectra. All backbone 1 H and 15 N NMR signals were assigned, except for Ala1, for which this was not possible because of fast exchange with the solvent. The assignment largely confirmed and further extended that previously reported (66) . The full 1 H and 15 N assignment achieved in this study, together with the stereo-specific assignment, is reported in Table S1 of Supplementary Material. Table 1 reports the NMR experimental data used for the structure calculations, while Figure 1 shows the summary of the sequential and mediumrange NOE connectivities involving NH, Hα, and Hβ protons.
Structure calculation
### Table 1 The final structure-quality parameters are reported in Table 1 , while the distribution of the final backbone and heavy atoms RMSD per residue, with respect to the mean structure, is shown in Figure 3 . A "sausage" diagram of the backbone for the final DYANA family for the reduced plastocyanin from Synechocystis sp. PCC6803 is shown in Figure 4A , while a ribbon plot for the restrained energy-minimized mean structure is shown in Figure 4B .
### Figure 3 and Figure 4 here ###
N Relaxation data in Cu(I) Plastocyanin
15 N relaxation data for reduced Synechocystis sp. PCC6803 plastocyanin were analyzed at 600 MHz for 91 backbone amide groups out of 94 non-proline residues. These data are shown in Figure 5A and included in Table S2A were measured for 72 backbone amide groups. These data are shown in Figure   5B , and are included in Table S2B of the Supplementary Material. The paramagnetic contribution for the relaxation rates was higher than 0.1 s -1 for 12 R 1 and 13 R 2 values, for which the metal-nucleus distance was shorter than 10.4 Å.
The largest relative contributions of paramagnetism to R 1 correspond to residues 90 (24%), 35 (35%) and 7 (18%), whereas the paramagnetic R 2 is at most 9% of the experimental value. All data discussed below and the mobility analysis refer to The values of residues 27, 32, and 57, which were found slightly above the theoretical maximum, were fixed to the maximum value in the Modelfree analysis. 
Model-free analysis
The analysis of the 15 N relaxation rate parameters and heteronuclear NOE values was performed according to the model-free formalism by using the Modelfree 4.0 program (57) within the Lipari-Szabo approach (58, 59 ). In the case of an axially symmetric diffusion tensor, the general expression for J(ω) is:
where S f 2 and S s 2 are the squares of the order parameters characterizing the amplitude of the internal motions for the fast (< 20 ps) and slow (> 20 ps) time scales respectively, τ j ' = τ j τ e /(τ j + τ e ), was performed according to the procedure described in (57) .
Relaxation data from 91% (reduced) and 93% (oxidized) of the residues considered for analysis could be satisfactorily fit using model 1. The relaxation data of Lys35, Asp46, Gly47, Val48 and Asp49 could be accounted for by using model 2 in both redox forms. Residues His39, Gly88 and Met91 were best fit by assuming a modest R ex contribution (model 3) in the reduced form, while their corresponding cross peaks were not observed in the oxidized form.
In the case of the oxidized protein, residues Leu14 and Leu36 could not be fit to any of the models 1-3. Fits using either model 4 or model 5 gave no statistically significant improvement. Residues 14 and 36 are located in two loops of the northern region of the protein, near the copper ion. The protein structure in this region is characterized by high RMSD values (29) , and for this reason the uncertainty in the metal-nucleus distance can lead to significant errors in the estimation of the paramagnetic contribution. Another explanation for failure to fit the relaxation data for these residues to any of the models is the observed low intensity of their 1 H-15 N cross-peaks, due to line broadening, caused, in turn, by the vicinity of the paramagnetic copper ion. These residues were discarded from the final model-free analysis. 
Analysis of protein mobility in the longer time scales
The Modelfree analysis has shown that no residue is affected by a substantial R ex contribution in any of the two redox forms. A CPMG experiment at 800 MHz with variable delays in the reduced protein has confirmed that no exchange is detected in the range 0.45 -1.15 ms. This result has discouraged us from extending the measurements to the oxidized form or to shorter time scales through T 1ρ measurements.
Investigation of the protein mobility in the time range 10 -1 -1 s was carried out indirectly. The intensities of amide 1 H-15 N cross peaks in 2D HSQC spectra were measured by suppressing the water signal either by using the WATERGATE/flip-back pulse sequence or by using a low-power 900-ms presaturation pulse during both relaxation delay and refocusing time. A number of NH cross peaks were characterized by a significant decrease (≥ 60%) of the crosspeak intensity in the spectrum obtained upon solvent suppression using the presaturation pulse. None of these NH protons is closer than 2.4 Å to a CHα proton that lies within 0.2 ppm from the saturated water peak, so that NOE contributions to the observed effect should be smaller than 10% (67) . This large decrease more subtle differences can be appreciated, the exchange rate constant is the same within the statistical error for most residues. In the very few cases where asmall statistical difference is determined, the rate constant for the reduced form is 2-4 times higher than in the oxidized form.
DISCUSSION
An analysis of the structure of the reduced protein
The structure family has a low RMSD across the sequence, with the lowest RMSD found in the regions containing regular secondary structure (Figure 3 ).
The backbone pair-wise RMSD between such regions is 0.68 ± 0.11 Å, while that calculated over all residues is 0.79 ± 0.11 Å. Table 2 here ### Figure 3 and Table 2 reveal that significantly higher RMSD values are found in the loops as compared to the regions possessing regular secondary structure. In particular, there are four regions in the structure that feature high RMSD values:
Gly8 -Val15, Asn34 -Ile41, His58 -Glu67, Pro85 -Met91. These regions are clearly revealed by the "sausage" diagram of the backbone for the final DYANA family as shown in Figure 4A , which also indicates their length and proximity to the copper ion. Altogether, these four disordered regions define the hydrophobic patch in the northern part of the protein surface surrounding the copper site.
This apparent disorder can be ascribed to the lower-than-average number of NOEs per residue observed for this region (see Figure 2 ) even though all observed 1 H NOESY cross peaks for the residues included in these regions have been assigned and used for structure calculation. Additionally, the first, second, and fourth regions each contain two glycine residues (Gly8/Gly12, Gly60/Gly66, Gly88/Gly90) which usually give few dipolar constraints as a consequence of their intrinsically small number of protons.
A ribbon plot for the restrained energy-minimized, DYANA family mean structure of the reduced plastocyanin from Synechocystis sp. PCC6803 is shown in Figure 4B . In analogy with other plastocyanins, the solution structure of this protein is characterized by the presence of a fold made of extended β-sheets that are connected by inter-strand loops and a short α-helix. In particular, the protein is composed of eight β-strands organized in two twisted sheets. The first β-sheet is composed of four strands formed by residues Ala3 -Met7 (strand S1), Phe16-Glu17 (strand S2A), Glu27 -Asn33 (strand S3), Ser68 -Phe73 (strand S6). The β-strands involving residues Thr20 -Ile23 (strand S2B), Val42 -Ala44 (strand S4), His58 -Ala62 (strand S5, β-bulge), Gly77 -Tyr82 (strand S7) and Val92 -Val97
(strand S8) constitute the second β-sheet. Both β-sheets have mixed parallel and anti-parallel strands connected by several turns and loops. The protein has a α-helix that comprises seven residues (Ala50 -Leu56) and contains two complete helical turns. The protein does not have any other regular secondary structure in addition to the above-mentioned structural motifs.
Comparison between the solution structures of reduced and oxidized plastocyanin
The elements of secondary structure correspond well to those found for the oxidized form of the plastocyanin from Synechocystis sp. PCC6803 (29) and are similar to those of other plastocyanins ( Figure 4C ). Table 2 shows that the distribution of the RMSD for the DYANA families is similar for both structures and reveal the greatest uncertainties in the northern-face loop regions mentioned Table 2 ). This is mostly due to displacements of entire secondary structure elements, in turn arising from the lower structural resolution of the loops connecting them.
Even though the above-described analysis indicates the absence of significant structural differences between the two redox forms of plastocyanin, small differences may still be present. In particular, differences in the metal binding site would be the most interesting to monitor. To address this point further, an analysis of the 1 H and 15 N chemical-shift differences between the reduced and oxidized forms of plastocyanin was performed ‡ . These differences are expected to be very sensitive to small structural modifications. (29)). However, two of these mutations occur in the vicinity of the mobile region described above, suggesting that a mobility decrease, due to the introduced mutations, could contribute to crystal stabilization.
Three residues (His39, Gly88 and Met91) required a modest chemical and with their solvent inaccessibility as calculated using the WHATIF program (78) . Some of the exchanging protons (17 in total) are inaccessible to solvent, and therefore must undergo conformational changes in order to interact with bulk water. These latter residues are mainly located in the northern loops comprising residues Gly8-Val15 and Asn34-Ile41. The two remaining northern loops are characterized by both solvent exchange phenomena and by a significant solvent accessibility, the latter precluding a definitive conclusion about their mobility in the longer time scales. The relatively large RMSD for the structure family in these loop regions can therefore, at least for the first two loops, be ascribed to protein mobility. Presumably, the same holds also for the C-terminus loops.
The observed independence of protein dynamics from the copper ion oxidation state somewhat contrasts analogous data obtained for other redox metallo-proteins. For example, c-type cytochromes experience much larger H/D exchange rates in the oxidized form rather than in the reduced form (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) which is paralleled by higher values of R 1ρ (89) . 15 Apparently, the determinants for the differences in mobility of electron transfer proteins in the two oxidation states are complex, and not immediately rationalized. It could be speculated that both cytochrome b 562 (a four-helix bundle) and blue copper proteins (all-beta fold) have extended elements of secondary structure and a well defined hydrophobic core. This is somewhat less true of putidaredoxin, and even less true for cytochromes, which could make the mobility of the latter proteins more sensitive to a change in the charge of the metal center.
Concluding remarks
Mobility studies have been performed on the reduced plastocyanin from Synechocystis sp. PCC6803, and, for the first time, also on the oxidized protein under the same experimental conditions, on a broad time scale range (from ca. Structure analysis c % of residues in most favored regions % of residues in allowed regions % of residues in generously allowed regions % of residues in disallowed regions Chemical Shift Difference (ppm)
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